Fuoss and Kraus' measured the conductance of (i-amyl)4NNO3 in mixtures of dioxane and water at 250C over the range of dielectric constants from pure water (D = 78.6) to dioxane (D = 2.20). Below a dielectric constant of about 10, the conductance at the lowest concentrations conforms to the requirements of the law of mass action, the conductance decreasing as the square root of concentration. With increasing concentration the conductance passes through a minimum. With decreasing dielectric constant the minimum shifts toward lower concentrations and the conductance reaches very low values. Above the minimum the conductance increases rapidly and continues in this fashion to the highest concentrations for which measurements have been made. Fuoss and Kraus, and their co-workers,2' 6 also measured the conductance of a considerable number of electrolytes in benzene (D = 2.28) and found that in all cases the conductance at very low concentrations conformed to the law of mass action and passed through a minimum at concentrations ranging from 1 X 10-5 N to 1 X 10-3 N. It was found that the weaker the electrolyte the lower the conductance and the higher the concentration at which the minimum appears.
Fuoss and Kraus' measured the conductance of (i-amyl)4NNO3 in mixtures of dioxane and water at 250C over the range of dielectric constants from pure water (D = 78.6) to dioxane (D = 2.20). Below a dielectric constant of about 10, the conductance at the lowest concentrations conforms to the requirements of the law of mass action, the conductance decreasing as the square root of concentration. With increasing concentration the conductance passes through a minimum. With decreasing dielectric constant the minimum shifts toward lower concentrations and the conductance reaches very low values. Above the minimum the conductance increases rapidly and continues in this fashion to the highest concentrations for which measurements have been made. Fuoss and Kraus, and their co-workers,2' 6 also measured the conductance of a considerable number of electrolytes in benzene (D = 2.28) and found that in all cases the conductance at very low concentrations conformed to the law of mass action and passed through a minimum at concentrations ranging from 1 X 10-5 N to 1 X 10-3 N. It was found that the weaker the electrolyte the lower the conductance and the higher the concentration at which the minimum appears.
The conductance of an electrolyte solution depends on the fraction of electrolyte existing as ions free to move under the influence of an external field; this fraction we shall term the ion-fraction, Fi. In dilute solution the conductance of an electrolyte divided by the conductance at the limit of infinite dilution is a measure of F2; accordingly, the ion-fraction is a minimum at the concentration corresponding to the minimum in the conductance curve. A careful examination of all available data would seem to indicate that the rapid increase in conductance above the minimum can only be due to an increase in the ion-fraction. At concentrations above the minimum, therefore, the law of mass action no longer serves to describe the phenomenon; in other words, it is inapplicable. It seems obvious that the mechanism underlying the equilibrium reaction between ions and ion-pairs below the minimum does not determine the course of the reaction above the minimum. In other words, at some concentration somewhat below the minimum a new mechanism comes into play as a result of which the ion-fraction increases with increasing concentration.
In view of the fact that molten electrolytes are completely dissociated into their ions, as has been shown by the measurements of Seward3' 4 and as indicated by the properties of fused electrolytes generally, it follows that, in all electrolyte solutions where ions are associated to ion-pairs, the ion-fraction must pass through a minimum and thereafter increase with increasing concentration until the molten electrolyte is reached and the ion-fraction becomes unity. Thus Seward' has measured the conductance of (n-Bu)4N picrate in anisole (D = 3.60) at 910 from molten electrolyte to low concentrations. These measurements, however, were not carried 121 out to the point where the minimum in the ion-fraction was reached, but the existence of a minimum had been established previously by Bien, Fuoss, and Kraus5 at approximately 4.5 X 10-3N. While the conductance of electrolytes in several different solvents has been measured from low concentration to the fused electrolyte, these measurements for the most part have been carried out with solvents of relatively high dielectric constant where no minimum appears in the conductance. It becomes necessary in these cases to correct the conductance for the viscosity of the solution when the latter becomes appreciable relative to the viscosity of pure solvent. Here the viscosity-conductance product A77 is proportional to the ion-fraction, and the latter may be approximated by dividing the corrected conductance by (At1)0, the conductance-viscosity product for the molten electrolyte.6 The corrected conductance is then found to pass through a minimum, but with solvents of relatively high dielectric constant the concentration of the minimum occurs at so high a concentration that many properties which characterize electrolyte solutions in benzene become obscured.
In benzene and dioxane solutions it has not been possible to measure the conductance all the way from below the minimum to the molten electrolyte. In the past no electrolyte was known whose melting point was sufficiently low and which at the same time was completely miscible with solvent at or above its melting point. However, we have now found an electrolyte, (n-amyl)4NCNS, melting at 50.50, which is miscible with p-xylene in all proportions above its melting point.
This has permitted us to determine the viscosity and conductance of mixtures from a concentration of approximately 1 X 10-4 N to the molten salt (2.532 N). While these measurements could not ba carried out to sufficiently low concentrations to establish a conductance minimum because of equipment limitations, there is every reason for believing that a minimum would be found, probably in the neighborhood of 1 X 10-5N.
We have carried out conductance, viscosity, and density measurements on mixtures at 520. Temperature was controlled to +40.0150; viscosities were measured using Cannon-Ubbelhode viscometers; densities were measured with a Westphal balance to an accuracy of +0.0002 gm/ml. At 5i20 the dielectric constant of p-xylene7 is 2.22, the viscosity is 4.52 millipoise and the density is 0.8330 gm/cc. The experimental results are presented in Table 1 . Concentrations in gram equivalents per liter appear in column 1, equivalent conductance in column 2, viscosities ill column 3, and densities in column 4. Conductances are those measured at the concentrations given; values of density and viscosity recorded here were interpolated from large scale plots. Below a concentration of 1 X 10-3 N the densities and viscosities of the solutions were the same as pure solvent within experimental error.
Strong and Kraus8 have measured the conductance of (n-Bu)4NCNS in benzene at 250 from a concentration of approximately 1 X 10-4 N to the limit of solubility (2.05 N). We have measured the viscosities of this system to the limit of solubility, thus enabling us to compare data for this system with data we have obtained for (n-amyl)4NCNS in p-xylene at 52°. The viscosity data are given in Table 2 .
In plot 1 of Figure 1 are shown conductance data for (n-amyl)4NCNS in p-xylene covering the concentration range from 1 X 10-4 N to the molten electrolyte (2.53 N). In plot 2 is shown the conductance corrected for viscosity in proportion to the viscosity of the solvent, A11/l0, where t°is the solvent viscosity. These data are indicated by open circles. Plots 1 and 2 are seen to merge at lower concentrations where the viscosity correction disappears. Shown on the same plots are data of Strong and Kraus8 for (n-Bu)4NCNS in benzene at 250. These data are shown as solid circles. It will be noted that at high concentrations the conductance plots for the two systems diverge. However, as will also be seen from the plots, the corrected conductances for the two electrolytes in the two solvents closely correspond at higher concentrations. In view of the close similarity of the corrected conductances for these electrolytes in the two solvents, it seems safe to conclude that they would exhibit mueh the same behavior at concentrations below 1 X 10-4 N, although conductances are higher in p-xylene at lower concentrations because the temperature is higher. PROC. N. A. S. While the measurements of Strong and Kraus on the butyl salt in benzene and our measurements on the amyl salt in p-xylene were not carried through the minimum, sufficient data have been obtained for a variety of electrolytes in benzene in this concentration range to establish the applicability of the mass action law at concentrations below the minimum and to outline the typical behavior of electrolytes at concentrations at and above the minimum.
In Figure 2 are shown plots of log A versus log C at 250 for three salts which represent the typical behavior of electrolytes in benzene.8 Type I is represented by (i-amyl)3NHPi which has a dissociation constant of 4 X 10-21. At concentrations above the minimum, which comes at the relatively high concentration of about 1 X 10-3 N, the conductance rises extremely rapidly and continuously until at 1 N the conductance is approximately 0.04. Type II is represented by (i-amyl)4NPi which has a dissociation constant of 22 X 10-18, and a minimum at a concentration of 3 X 10-5 N. It will be noted that the rate of increase of conductance is smaller than for the weaker salt of Type I. Type III is represented by (i-amyl)4NCNS whose dissociation constant is 19 X 10-18. This electrolyte is representative of a class of electrolytes for which extensive data are available. They are characterized by the fact that the conductivity, instead of increasing monotonically, increases stepwise. Electrolytes belonging to this class consist of a large positive ion in combination with smaller negative ions such as thiocyanate, nitrate, or the halides. The first step occurs at the minimum and the second step occurs at approximately 1 X 10-2.
As shown in Figure 2 , the conductance plot for the thiocyanate is slightly higher than it is for the picrate although both conform to the law of mass action at concentrations below the minimum where the slopes of the plots are one-half. Although the thiocyanate salt is slightly weaker than the picrate, its conductance curve is slightly above that of the picrate, because of the higher conductance of the thiocyanate ion as compared with picrate. The minimum for the thiocyanate comes at 2 X 10-5 N, slightly below that for the picrate. Although we cannot present complete data for any one electrolyte dissolved in one solvent, we are able to show that closely related electrolytes exhibit similar properties over the region from very low concentrations, where the law of mass action between ions and ionpairs applies, to the limit of solubility, or to the molten electrolyte which is completely dissociated into its ions.
As noted above, in concentrated solutions we may approximate the fraction of electrolyte in the form of ions, Fi, by dividing the corrected conductance, An, by the conductance-viscosity product for the molten electrolyte (An)o. The fraction of electrolytes existing as ion-pairs is then given by the quantity (1 -F?). In Figure  3 is shown a plot of the ion-pair fraction versus the molar ratio of solvent to electrolyte, N/n, for concentrated solutions of (n-amyl)4NCNS in p-xylene at 520. As may be seen from the figure, on the addition of p-xylene the ion-pair fraction increases linearly with increasing values of the solvent to electrolyte ratio. At a ratio of about 0.4, the observed values of the ion-pair fraction begin to deviate from linearity and fall below those predicted by the linear relation found for low solvent concentration. It would seem that up to a ratio of approximately 0.4, the number of ion-pairs produced due to the presence of solvent molecules is proportional to the number of p-xylene molecules introduced. Apparently one ion-pair is produced for every molecule of p-xylene dissolved in the electrolyte. The properties which characterize solutions of electrolytes are determined by the size, structure, and constitution of the ions of the electrolyte and the molecules of the solvent medium. These microscopic phenomena cannot be accounted for on the basis of macroscopic concepts. They can be accounted for only in terms of the various interactions among ions, solvent molecules, ion-pairs and structures of higher order. PROC. N. A. S. On going from dilute solutions to molten electrolytes we may distinguish among three types of successively overlapping equilibrium reactions between ions and ionpairs. As one proceeds from one type to another, the underlying mechanisms involved in the equilibrium reactions change.
Every equilibrium reaction will include one in which ion-pairs are formed due to the action of coulombic forces between oppositely charged ions. Ion-pairs are dissociated by various mechanisms which come into play as the concentration is increased. In Type I, in very dilute solution, the ion-pairs formed due to coulombic interaction are dissociated by the thermal impact of solvent molecules possessing sufficiently high energy to accomplish this. The equilibrium conforms to the familiar law of mass action. With increasing concentration the ion-fraction decreases approximately as the square root of concentration, while the concentration of ions increases approximately as the square root of concentration. Obviously electrolytes in benzene follow this relationship at concentrations below the minimum in the conductance.
In Type II, as in Type I, ion-pairs are formed by coulombic interactions, but if an ion-pair happens to lie in the field of an ion it may be dissociated by the thermal impact of a molecule whose energy is less than that required in the absence of a field. This results because both ions of the pair will be acted upon by a force of the same order of magnitude but of opposite direction, and the coulombic force holding the ions together is reduced. The effect of the internal ion field is somewhat after the manner of the Wien effect, when an external field is applied to an electrolyte solution. Wien9 has shown that if an external field is applied to a solution of a partially dissociated electrolyte, the degree of dissociation increases with increasing field. The dissociation of ion-pairs in the field of ions may be appropriately termed the microscopic Wien effect of the ion fields.
The dissociation of an ion-pair, while under the action of an ion field, we shall call an occurrence. The frequency of these occurrences increases with, and is roughly proportional to, the concentration of ion-pairs on the one hand and to that of free ions on the other.
In sufficiently dilute solutions the frequency of occurrences will be so low that the effect of such occurrences cannot be observed. However, according to the law of mass action cited above, while the faction of electrolyte existing in the form of ions, or the ion fraction Fi, decreases as the square root of concentration with increasing concentration, the concentration of ions increases as the square root of concentration until the concentration of ions and ion-pairs is such that the fre-(quiency of occurrences will reach a value where the proportion of electrolyte existing as free ions will be appreciably greater than it otherwise would be according to the law of mass action. Finally, a concentration will be reached where, on increasing concentration, the ion-fraction decrease due to mass action effects, is just balanced by the ion-field effect and the ion-fraction will pass through a minimum. Beyond this point the ion-fraction will continue to increase at rates depending on concentrations of ion-pairs and ions, as well as their relative values, until the completely dissociated molten electrolyte is reached.
In solvents of higher dielectric constant the ion fields are weak and occurrences are, therefore, infrequent. At the same time, the concentration of ion-pairs is low. Accordingly, the concentrations at which the minimum appears will be higher. As the dielectric constant decreases the conductance minimum shifts toward lower concentrations; and if the dielectric constant is sufficiently low the minimum value of the ion-fraction is so low that the conductance itself passes through a minimum. This is well illustrated by the conductance of solutions of (i-amyl)4NN03 in dioxanewater mixtures carried out by Fuoss and Kraus,2 as pointed out above.
We should also expect that if the dissociation constant of the electrolyte is higher and, therefore, the concentration of ions at a given concentration of electrolyte is higher, the minimum value will appear at lower concentrations, the higher the dissociation constant. Since in solutions of electrolytes having lower dissociation constants the minimum appears at higher concentrations and, therefore, at higher concentrations of ion-pairs, we should expect that the ion-fraction beyond the minimum would increase more rapidly than it would for electrolytes of higher dissociation constants with minima at lower concentrations.
An examination of the data available for solutions of electrolytes in benzene shows that in these solutions the ion-fraction changes with concentration, and for different electrolytes in accordance with requirements as outlined above for equilibrium reactions I and II. The strongest electrolyte for which we have data2 is (i-amyl)4NI and the weakest, (i-amyl)3NHPi. For the iodide the minimum appears at approximately 1 X 10-5 N where the conductance is 1.27 X 10-4. Assuming A0 has a value of 100, the ion-fraction at the minimum is 1.27 X 10-6 and the concentration of ions is 1.27 X 10-11 N. For the tertiary picrate the minimum appears at approximately 1 X 10-3 N, where the conductance is 2.7 X 10-7 and the ion-fraction is 3 X 10-9; the concentration of ions is 3 X 10-12 N.
For the tertiary picrate the concentration of ions at the minimum is about onefifth that of the iodide, but the concentration of ion-pairs is 100 times that of the iodide. As the strength of the electrolyte decreases, the concentration of ion-pairs increases, and accordingly the concentration of ions at the minimum is lower than it is for a stronger electrolyte where the concentration of ion-pairs is lower. Beyond the minimum, however, because of the higher concentration of ion-pairs, the increase of the ion-fraction with increasing concentration due to the microscopic Wien effect is greater in the case of weak electrolytes than it is in the case of strong electrolytes. For the strong electrolyte (i-amyl)4NI, between the minimum (1 X 10-5 N) and approximately 3 N (the concentration of the hypothetical molten electrolyte where the ion-fraction is unity), there is a 3 X 105-fold increase in concentration and a 7 X 105-fold increase in the ion-fraction. In the case of the weak electrolyte, (i-amyl)3NHPi, between the minimum and the hypothetical fused salt there is a. 3 X 108-fold increase in the ion-fraction, but only a 3 X 103-fold increase in concentration. The conductance, therefore, increases much more rapidly.
A third type of equilibrium reaction appears in what may be called ultraconcentrated solutions. By this term we mean solutions in which the mole ratio of solvent to electrolyte is less than one. In the case of (n-amyl)4NCNS, this third type appears to hold within the limit of experimental error up to a mole ratio (p-xylene to electrolyte) of 0.4. Since in the region from pure electrolyte to a molar ratio of 0.4 the addition of solvent clearly brings about the formation of approximately one ion-pair per molecule of added solvent, it would seem that the formation of ion-pairs is determined by some effect of the solvent molecules on the interaction of oppositely charged ions other than those expressed in equilibrium reactions I and II. Equilibrium reaction Type III will be discussed at greater length in a later paper.
